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^LTRA FINE PARTICLE FILM FORMING METHOD AND 
APPARATUS 



BACKGROUND OF THE INVENTION 

a) Field of the Invention 

The present invention relates to techniques of supplying ultra 
fine particles of ceramic, metal and the like not larger than about 1 jim to a 
substrate to form a ultra fine particle film. Such techniques of forming a 
ultra fine particle film are applied to the technical fields of forming a 
functional ceramic thin film, a metal thin film or the like on a substrate. 

b) Description of the Related Art 

As one of techniques of forming a ultra fine particle film, it 
is known to mix ultra fine particles with transport gas and spray the 

i 

particles mixed with the transport gas from a nozzle toward a substrate 
surface to form a ultra fine particle film. 

This conventional ultra fine particle film forming method is, 
however, associated with some problems that the film surface is not 
smooth and flat and the density of the film is not uniform. Specifically, 
with the conventional ultra fine particle film forming method, if ultra fine 
particles contain defective particles (such as particles having a diameter of 
1 pm or larger and insufficiently accelerated particles) unable to 
physically form a film, these defective particles are mixed in a deposit on a 
substrate. 

More specifically, if ultra fine particles jetted out during a 
film deposition contain a particle (defective particle) 31 having a large 
particle diameter or an insufficient speed, as shown in a schematic diagram 
of Fig. 9A and a microscopic photograph shown in Fig. lOA, the large 
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diameter defective particle 3 1 attaches to and sinks in the surface layer of 
a deposit 32 under growth, and this defective particle 3 1 functions as a 
mask so that deposition does not occur thereafter on the surface of this 
defective particle 31. As shown in Figs. 9A and lOB, the film 33 after 
cleaning has a depression 34. As shown in a microscopic photograph of 
Fig. 11, the film surface is very rough, which adversely affects later 
deposition. Since the defective particle is in a floating state in the 
deposit 32, the film is not dense and the surface of the deposit is abraded 
by ultra fine particles to be later blown toward the surface. Also in this 
case, as shown in Fig. 9B, the film 33 has a depression 34 and the film 
surface is very rough, which adversely affects later deposition. If such a 
conventional film forming method is applied to forming a ceramic 
electronic component which is required to have a homogeneously 
controlled fine structure of the film, excellent electrical characteristics 
cannot be expected. 

It is also practically difficult to make the amount of fine 
particles to be jetted out of a nozzle uniform and constant, so that the film 
thickness changes at positions. It is also difficult to control a film 
thickness and a surface uniformity, which becomes a large obstacle against 
forming films having uniform performance and good film quality. Such 
irregular film thickness and surface roughness become a critical issue 
when the conventional method is applied to forming an optical thin film. 

It has been desired to provide techniques of forming a ultra 
fine particle film which has ultra fine particles sufficiently bonded 
together, sufficient density, flat surface and uniform density. 

SUMMARY OF THE INVENTION 
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The invention has been made under such circumstances. It 
is an object of the present invention to provide a ultra fine particle film 
forming apparatus capable of forming a ultra fine particle film which has 
ultra fine particles sufficiently bonded together, sufficient density, and 
particularly flat surface and uniform density. 

In order to achieve the above object of the invention, 
there is provided a planarized ultra fine particle film forming method for 
forming a planarized ultra fine particle film from a deposited film of ultra 
fine particles formed by supplying the ultra fine particles to a substrate, 
the method comprising one or more of a planarizing step of planarizing a 
surface of the deposited film of the ultra fine particles supplied to the 
substrate. 

According to another aspect of the invention, there is 
provided a planarized ultra fine particle film forming apparatus for 
forming a planarized ultra fine particle film from a deposited film of ultra 
fine particles formed by supplying the ultra fine particles to a substrate, 
the apparatus comprising at least one of: an attached particle removal 
apparatus for rolling or scraping a surface layer portion of the deposited 
film of the ultra fine particles supplied to the substrate; a film surface 
processing apparatus for grinding or polishing the surface layer portion; 
and a pressure apparatus for pressing the deposited film. 

According to another aspect of the invention, there is 
provided a planarized ultra fine particle film forming method for forming a 
planarized ultra fine particle film from a deposited film of ultra fine 
particles formed by supplying the ultra fine particles to a substrate, the 
method comprising one or more of a planarizing step of planarizing a 
surface of the deposited film of the ultra fine particles by blowing 
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planarizing fine particles having a grinding/polishing function at an 
oblique incidence angle toward the surface of the deposited film. 

According to another aspect of the invention, there is 
provided a planarized ultra fine particle film forming apparatus for 
forming a planarized ultra fine particle film from a deposited film of ultra 
fine particles formed by supplying the ultra fine particles to a substrate, 
wherein planarizing fine particles having a grinding/polishing function are 
blown at an oblique incidence angle toward the surface of the deposited 
film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram showing the structure of a 
planarized ultra fine particle film forming apparatus according to an 
embodiment of the invention. 

Fig. 2 is a schematic diagram showing the structure of a 
planarized ultra fine particle film forming apparatus according to another 
embodiment of the invention. 

Fig. 3 is a schematic diagram showing the structure of a 
planarized ultra fine particle film forming apparatus according to still 
another embodiment of the invention. 

Fig. 4 is !a schematic diagram showing an incidence angle of 
planarizing particles. 

Fig. 5 is a schematic diagram showing an example of a spray 
apparatus for blowing ultra fine particles and planarizing particles. 

Fig.. 6 is a schematic diagram showing another example of a 
spray apparatus for blowing ultra fine particles and planarizing particles. 

Fig. 7A is a schematic diagram showing another example of a 
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spray apparatus for blowing ultra fine particles and planarizing particles, 
and Figs. 7B and 7C are graphs showing a diameter distribution of 
planarizing fine particles and ultra fine particles. 

Figs. 8 A and 8B are vertical cross sectional views of spray 

apparatus. 

Figs, 9A and 9B are cross sectional views showing deposited 

films. 

Figs. lOA and lOB are microscopic photographs showing 
cross sectional views of deposited films. 

Fig. 1 1 is a microscopic photograph showing the surface of a 
film surface formed by conventional techniques. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the invention will be described with 
reference to the accompanying drawings. 

In Fig. 1, reference numeral 1 represents a planarized ultra 
fine particle film forming apparatus. The planarized ultra fine particle 
film forming apparatus 1 has a substrate 3 and a nozzle 4 disposed in a 
chamber 10. The nozzle 4 is an example of a ultra fine particle supply 
apparatus. The substrate 3 is used for supporting a film to be formed 
thereon. An attached fine particle removal apparatus 5 and a film surface 
processing apparatus 6 are disposed along a substrate motion path. The 
attached fine particle removal apparatus 5 and film surface processing 
apparatus 6 constitute a planarizing apparatus 15 for planarizing a 
deposited film 2a. The chamber 10 may be a vacuum chamber capable of 
reducing the inner pressure. If the vacuum chamber is used as the 
chamber 10, the vacuum degree is set to about 10 to 200 Torr, or 
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preferably to about 100 Torr. 

The nozzle 4 is used for supplying ultra fine particles to the 
substrate 3 to form a deposited film 2a. The substrate 3 is mounted on a 
substrate drive apparatus (not shown) so that it can be driven movably in 
the chamber. The nozzle 4 may be set so that it can also be driven 
movably in the chamber. Instead of jetting out transport gas and ultra 
fine particles from the nozzle 4 to the substrate 3, other methods may be 
used depending upon the type or other conditions of ultra fine particles, 
such as flowing ultra fine particles out of a slit upon application of fine 
vibrations. 

The attached particle removal apparatus 5 scrapes the surface 
of the deposited film 2a of ultra fine particles 7 supplied to the substrate 3 
to planarize the surface and remove defective particles: including ultra fine 
particles having a large diameter and protruding from the planarized 
surface and ultra fine particles attached on the planarized surface. The 
attached particle removal apparatus 5 has an attached particle removal 
blade 8 and a gap control mechanism 1 1 . The attached particle removal 
blade 8 is made of hard rubber or a metal plate and is disposed near the 
nozzle 4. During the motion relative to the substrate 3, the attached 
particle removal apparatus 5 scrapes the surface of the deposited film 2a of 
ultra fine particles supplied from the nozzle 4 to the substrate 3 to remove 
defective particles such as embedded large diameter ultra fine particles and 
attached ultra fine particles and form a scraped film 2b. The scrape 
amount of the surface of the deposited film 2a by the attached particle 
removal blade 8. can be adjusted by controlling a gap between the attached 
particle removal blade 8 and substrate 3. This adjustment is performed 
by operating the gap control mechanism 1 1 to drive the attached particle 
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removal blade 8. 

The scraped film 2b formed by scraping a predetermined 
amount of the surface layer with the attached particle removal blade 8 is 
then processed by a film surface processing apparatus 6. The film surface 
processing apparatus 6 has a grinding/polishing roller 12 and a gap control 
mechanism 13. The grinding/polishing roller 12 is made of a polishing 
brush or a roller made of polishing material. The grinding/polishing 
roller 12 is rotated at a speed matching the substrate scan speed and made 
in contact with the surface scraped film 2b to grind and polish it to adjust 
the film thickness and form a final film 2. In this case, the film thickness 
before and after the grinding/polishing is measured by using a 
displacement gauge 14 such as an optical displacement gauge and an air 
micro displacement gauge. In accordance with the measured film 
thickness, the gap between the surface of the deposited film 2a and surface 
scraped film 2b and the grinding/polishing roller 12 and attached particle 
removal blade 8 is controlled. Adjustment of the gap and pressure is . 
performed by using the gap control mechanisms 1 1 and 13. 

In this embodiment, the deposited film 2a of ultra fine 
particles 7 supplied to the substrate 3 is processed twice, first by the 
attached particle removal apparatus 5 to form the surface scraped film 2b 
and then by the film surface processing apparatus to form a final film 2. 
If a film having the same property as the final film 2 can be obtained by 
one of the two processes, either a process by the attached particle removal 
apparatus 5 or a process by the film surface processing apparatus 6 may be 
executed. 

In order to positively remove dusts to be generated while the 
film surface is ground/polished for film formation, a nozzle for jetting out 
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a gas or a dust sucking mechanism may be installed near at the position 
where the film surface is ground/polished. 

If metal ultra fine particles are used, it is necessary to pay 
more attention to making a film denser than using ceramic ultra fine 
particles which are brittle. In this context, it may be effective in some 
case to press the surface of the deposited film 2a with a roller to planarize 
the film surface by utilizing plastic deformation of metal. In this case, 
this roller is installed by replacing the grinding/polishing roller 12. 

The planarizing process of rolling or scraping, grinding or 
polishing, or pressing the surface layer portion of a deposit of ultra fine 
particles supplied to the substrate, is executed each time the deposited film 
2a of a single layer structure is formed by supplying ultra fine particles 
from the ultra fine particle supply apparatus to the substrate. A 
combination of a process of forming the deposited film of the single layer 
structure by a single supply of ultra fine particles and the planarizing 
process for the deposited film of the single layer structure may be 
performed a plurality of times. Alternatively, after a deposited film 2a of 
a multi-layer structure is formed by a plurality of supplies of ultra fine 
particles from the ultra fine particle supply apparatus, the planarizing 
process may be performed for the deposited film 2a of the multi-layer 
structure. 

The former case of performing the planarizing process each 
time the deposited film of the single layer structure is formed, is effective 
for making the final film dense in its inner region. 

In the embodiment described above, in forming a ultra fine 
particle film, the planarizing process of rolling or scraping, grinding or 
polishing, or pressing the surface layer portion of a deposited film on the 
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substrate, is executed. The invention is applicable to the film forming 
method (refer to JP-A-10-208998) and the film forming method (refer to 
JP-A-11-1 17328). With the former method, ion beams, plasma or the like 
is applied to ultra fine particles as source material or to the film surface 
during deposition to activate the ultra fine particles or the film surface 
during deposition and bond at a low temperature the ultra fine particles 
together or the film surface and ultra fine particles. With the latter 
method, a mechanical impact force is applied to the deposited film to crush 
ultra fine particles and bond the ultra fine particles of the deposited film. 

In this case, as shown in Fig. 2, a planarized ultra fine particle film 
forming apparatus la is provided with a plasma ion beam generator 
apparatus 35. A film may be formed by applying ion beams, plasma or 
the like to ultra fine particles or to the film surface during deposition, or a 
film may be formed through low temperature bonding of ultra fine 
particles by applying a mechanical impulse force which is generated: by 
accelerating ultra fine particles by an electrostatic field or gas transport 
and spraying them to and colliding them with ultra fine particles on the 
substrate; by using a brush or roller rotating at high speed, a pressure 
needle moving up and down at high speed, or a piston moving at high 
speed by explosion force; or by generating ultra sounds. Thereafter, the 
planarizing process of rolling or scraping, grinding or polishing, or 
pressing the surface layer portion of each of these films, is executed. 
Alternatively, a mechanical impact force loading apparatus 16 is used to 
load a mechanical impact force to ultra fine particles of a deposited film, a 
scraped film, or a ground/polished film to crush these ultra fine particles 
and bond them together. This mechanical impact force is applied to the 
deposited film: by accelerating ultra fine particles by an electrostatic field 
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or gas transport and spraying them to and colliding them with ultra fine 
particles on the substrate; by using a brush or roller rotating at high speed, 
a pressure needle moving up and down at high speed, or a piston moving at 
high speed by explosion force; or by generating ultra sounds. If ultra fine 
particles of the deposited film are to be bonded by applying the mechanical 
impact force to the deposited film and crushing the ultra fine particles, the 
ultra fine particles may be processed beforehand so that they can be 
crushed easily by the mechanical impact force to be applied. This 
process may be a process of adjusting a preliminary baking temperature of 
ultra fine particles, a process of heating ultra fine particles prepared to 
have a particle diameter of about several tens nm and aggregating them to 
form secondary particles having a particle diameter of about 50 nm to 1 |jm, 
or a process of forming cracks in ultra fine particles so as to make them 
easy to be crushed, by using for a long time period a breaker or crusher 
such as a ball mill, a jet mill, a vibration mill, an epicyclic mill and a bead 
mill. 

As above, according to the invention, defective particles are 
removed to planarize the surface of a deposited film of ultra fine particles 
supplied from the nozzle, by rolling or scraping, grinding or polishing, or 
pressing the surface layer portion of the deposited film. If the film 2 is 
formed by pressing the deposited film, a pressure apparatus is used to 
press the deposited film 2a, the surface scraped film 2b, or the surface 
scraped film 2b after the grinding/polishing process. An example of the 
pressure apparatus is a pressure roller having a circumferential surface 
worked to have a mirror surface, in place of the grinding/polishing roller 
12 shown in Fig. 1 . 

Fig. 3 shows a planarized ultra fine particle film forming 
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apparatus lb according to another embodiment of the invention. A 
different point of the planarized ultra fine particle film forming apparatus 
lb from the planarized ultra fine particle film forming apparatus 1 of the 
first embodiment resides in that a spray apparatus 21 is used as part of the 
planarizing apparatus 15. The spray apparatus 21 jets out planarizing 
fine particles 22 toward the deposited film 2a to grind and polish the 
surface of the deposited film 2a and form a planarized film 2c. The 
planarizing fine particles 22 are used for grinding and polishing the 
surface of the deposited film 2a. The planarizing fine particles 22 may be 
blown toward the substrate in a mixed state with the ultra fine particles 7, 
or blown toward the substrate by using the spray apparatus 21 separately 
from the ultra fine particles 7 which are supplied from the nozzle 4. In 
the apparatus shown in Fig. 3, the planarizing fine particles and ultra fine 
particles are blown separately. The spray apparatus 21 may be used in 
place of the attached particle removal apparatus 5 and film surface 
processing apparatus 6 of the planarized ultra fine particle film forming 
apparatus 1 of the first embodiment, or in combination with the attached 
particle removal apparatus 5 and film surface processing apparatus 6. As 
the spray apparatus 21, a nozzle or an electrostatic acceleration gun may 
be used. As shown in Fig. 4, the spray apparatus 21 is disposed so that 
planarizing fine particles 22 become obliquely incident upon the substrate 
in an incidence angle range of - 60 degrees to - 5 degrees or + 5 degrees to 
+ 60 degrees between the central axis 23 of a jet flow and the normal 24 to 
the surface of the substrate 3. An example of the spray apparatus 21 to be 
used in such a case is shown in Fig. 8A. As shown in Fig. 7A, the spray 
apparatus 21 may be disposed so that the planarizing fine particles jetted 
out from the spray apparatus 21 form a conical shape having an angle 
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range of - 60 degrees to - 5 degrees or + 5 degrees to + 60 degrees about 
the center of a jet flow. An example of the spray apparatus 21 to be used 
in such a case is shown in Fig. 8B. 

If the planarizing fine particles 22 and ultra fine particles 7 
are made to have the same composition, it is possible to prevent foreign 
material from entering the film 2. It is preferable that the planarizing 
fine particles 22 have a particle diameter larger than that of the ultra fine 
particles 7. If the planarizing fine particles 22 have a rigidity higher than 
that of the ultra fine particles 7, the grinding/polishing effect can be 
enhanced. 

Planarizing a ultra fine particle film by using such an 
apparatus is performed in the following manner. According to a thin film 
forming method of this invention, when ultra fine particles collide with the 
substrate, they are recombined together to form a thin or thick film at a 
low temperature. The planarizing process is performed to planarize the 
surface of a deposited film of ultra fine particles to thereby form a film 
excellent in density, uniformity, transparency and the like. In the 
planarizing process of planarizing the deposited film of ultra fine particles, 
planarizing fine particles having the grinding/polishing function are 
obliquely blown toward the surface of the deposited film to thereby grind 
and polish the surface and obtain a flat and smooth surface. Thereafter, 
the same process is repeated each time after new ultra fine particles are 
deposited on the flat and smooth surface to increase the film thickness. 
Furthermore, by making the planarizing fine particles and ultra fine 
particles have the same composition, it is possible to prevent foreign 
material from entering the film. 

An example of a spray or blowing method is illustrated in Fig. 
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5. As shown, ultra fine particles 7 are jetted out of the nozzle 4 and 
planarizing fine particles are jetted out of the spray apparatus 21, both to 
be applied to the same point on the substrate 3. 

If a spray angle of planarizing fine particles 22 having the 
grinding/polishing function relative to the surface of the deposited film 2a 
is 0 degree (at a right angle to the substrate surface), although there is a 
grinding function, an impact function relative to the deposited film is 
greater so that the film is likely to have damages and the ground region 
becomes spatially irregular and discontinuous. It is therefore impossible 
to obtain a flat and smooth surface. In contrast, if planarizing fine 
particles having the grinding/polishing function are obliquely blown 
toward the substrate surface, the impact function relative to the deposited 
film becomes small and the grinding/polishing function relative to the 
deposited film becomes greater so that the surface of the deposited film is 
ground and polished spatially uniformly. It is therefore possible to obtain 
a flat and smooth surface. However, if the spray angle of planarizing fine 
particles having the grinding/polishing function relative to the surface of 
the deposited film becomes too large, the grinding/polishing function 
lowers considerably. 

When the degree of the grinding/polishing effect and the 
damages of the surface of the deposited film are taken into consideration, 
it is preferable to set the spray angle of planarizing fine particles having 
the grinding/polishing function relative to the surface of the deposited film 
to the incidence angle range of - 60 degrees to - 5 degree or + 5 degrees to 
+ 60 degrees relative to the substrate surface, although the optimum spray 
angle depends on the material qualities of ultra fine particles and 
planarizing fine particles. In blowing planarizing fine particles having 
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the grinding/polishing function toward the surface of the deposited film, 
the fine particles having the grinding/polishing function may be mixed 
with gas and blown from a nozzle or they may be electrically charged and 
electrostatically accelerated and blown. 

In the embodiment illustrated in Fig. 5, if the ultra fine 
particles 7 and planarizing fine particles 22 are applied to the same 
position of the substrate 3, a flow of the ultra fine particles 7 for forming 
the deposited film 2a may be disturbed by a flow of the planarizing fine 
particles 22 so that a film cannot be formed stably depending upon film 
forming conditions. To avoid this, as shown in Fig. 6, the ultra fine 
particles 7 and planarizing fine particles 22 are applied to offset positions 
of the substrate 3, or flows of the ultra fine particles 7 and planarizing fine 
particles 22 may be separated in time or space by using valves 25 and 26 
and a valve switching control apparatus 27, so that interference between 
two flows can be eliminated and a process of forming the deposited film 2a 
of ultra fine particles 7 and a planarizing process using planarizing fine 
particles 22 can be performed perfectly. 

The planarizing fine particles having the grinding/polishing 
function may be blown toward the substrate by making them have a beam 
shape by using a nozzle or an electrostatic acceleration gun. 
Alternatively, as shown in Fig. 7 A, by controlling the jet conditions of the 
nozzle or electrostatic acceleration gun, the planarizing fine particles 
having the grinding/polishing function may be blown to form a conical 
shape having an angle range of - 60 degrees to - 5 degrees or + 5 degrees to 
+ 60 degrees about the center of a jet flow output from the nozzle or 
electrostatic acceleration gun, with similar expected advantages. 

Although this conical spray shown in Fig. 7A may be 
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performed only for the planarizing fine particles 22, it may be performed 
for a mixture of the planarizing fine particles 22 and ultra fine particles 7. 

In this case, the nozzle 4 for blowing ultra fine particles 22' can be 
omitted. If mixed particles are used, it is effective for the 
grinding/polishing function that the diameter of the planarizing fine 
particles 22 is larger than that of the ultra fine particles 7, as described 
earlier. In this case, as shown in Figs. 7B and 7C, the particle diameter 
distribution pattern of mixed particles have two peaks, one by the 
planarizing fine particles 22 and the other by the ultra fine particles 7. 

Planarizing fine particles having the grinding/polishing 
function mixed with ultra fine particle for forming a film are jetted out 
toward a substrate or a deposited film from the same nozzle or electrostatic 
acceleration gun so that a flat and smooth film can be formed easily. As 
described in JP-A-1 1-1 17328, when a film of brittle ultra fine particles is 
formed, a mechanical impact force sufficient for crushing ultra fine 
particles is necessary. In this case, an apparatus (nozzle or electrostatic 
acceleration gun) for blowing ultra fine particles for forming a film and an 
apparatus (nozzle or electrostatic acceleration gun) for blowing 
planarizing fine particles having the grinding/polishing function are 
disposed separately. Each blowing apparatus is set so that the ultra fine 
particles for forming a film and the planarizing fine particles having the 
grinding/polishing function are blown in a beam shape. In accordance 
with the type of ultra fine particles for forming a film, the incidence angle 
relative to the substrate, a jet flow density, a jet-out time, timings and the 
like are controlled to form a flat and smooth film at high speed. 

As appreciated from the foregoing description, the invention 
provides techniques of forming a ultra fine particle film which has ultra 
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fine particles sufficiently bonded together, sufficient density, flat surface 
and uniform density. Techniques of this invention for forming a metal 
ultra fine particle film through pressing and planarizing are important in 
forming a laminated type piezoelectric actuator of a low drive voltage or 
the like. The laminated type piezoelectric actuator is made of a 
lamination of PZT as piezoelectric material and metal such as platinum 
and silver as electrode material. Since the film surface can be planarized, 
the film optical characteristics are improved. For example, a TiOj film is 
optically transparent. 

Even if the supply amount of ultra fine particles for forming 
a film is not stable, a film thickness per one grinding/polishing process can 
be controlled precisely. It is therefore possible to uniformly and 
precisely control the thickness of a large area film to be formed by 
repeating this process. 
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